The classification "gastrointestinal stromal tumor" (GIST) became commonplace in the 1990s and since that time various advances have characterized the GIST lineage of origin, tyrosine kinase mutations, and mechanisms of response and resistance to targeted therapies. In addition to tyrosine kinase mutations and their constitutive activation of downstream signaling pathways, GISTs acquire a sequence of chromosomal aberrations. These include deletions of chromosomes 14q, 22q, 1p, and 15q, which harbor putative tumor suppressor genes required for stepwise progression from microscopic, preclinical forms of GIST (microGIST) to clinically relevant tumors with malignant potential. Recent advances extend our understanding of GIST biology beyond that of the oncogenic KIT/PDGFRA tyrosine kinases and beyond mechanisms of KIT/PDGFRA-inhibitor treatment response and resistance. These advances have characterized ETV1 as an essential interstitial cell of Cajal-GIST transcription factor in oncogenic KIT signaling pathways, and have characterized the biologically distinct subgroup of succinate dehydrogenase deficient GIST, which are particularly common in young adults. Also, recent discoveries of MAX and dystrophin genomic inactivation have expanded our understanding of GIST development and progression, showing that MAX inactivation is an early event fostering cell cycle activity, whereas dystrophin inactivation promotes invasion and metastasis.
T his discussion of recent advances in gastrointestinal stromal tumor (GIST) will be preceded by a brief overview of the substantial achievements made in the past 2 decades since the discovery that most GISTs arise from oncogenic receptor tyrosine kinase mutations. This backdrop is the framework for our current understandings of GIST biology, pathology, and treatment.
In 1983, Mazur and Clark 1 first recognized GISTs as a unique variety of "stromal tumor." These investigators showed that some gastric tumors diagnosed as leiomyomas or leiomyosarcomas lacked ultrastructural features of smooth muscle or schwannian differentiation, but instead contained interposed cell processes, primitive junctions, and large cytoplasmic vacuoles, suggesting origin from the myenteric nervous system. 1 The hypothesis that GISTs may develop from the gastrointestinal (GI) autonomic nervous system gained further support from a study of gastric GISTs arising in the Carney triad syndrome, in which Perez-Atayde et al 2 noted ultrastructural features of neuroectodermal differentiation and proposed that the cells of origin were the interstitial cells of Cajal. Discovery that GISTs feature immunohistochemical expression of CD34 3 and KIT 4 further supported an origin from the interstitial cell of Cajal lineage and differentiated GISTs from leiomyomas and gastric schwannomas.
In 1998, Hirota et al 5 ushered in the "molecular era" of GIST biology in groundbreaking work showing KIT gainof-function mutations as oncogenic driver events in GISTs. At the time, GISTs were refractory to all conventional systemic therapies, but this study paved the way for the development of GIST targeted therapies. In 2000, imatinib was first used to treat patients with advanced GIST, achieving unprecedented treatment responses in a tumor type that-when metastatic-was previously rapidly lethal. 6 Since then, imatinib has been first-line standard of care for both palliative and adjuvant treatments of GIST patients. The broad clinical spectrum of GIST, varying from incidental indolent tumors to highly aggressive tumors with widely metastatic disease, necessitated implementation of risk stratification schemes to predict biological behavior and determine which patients particularly benefit from adjuvant imatinib treatment. In 2002, the first such risk stratification system was introduced by Fletcher et al 7 and modified by Miettinen and Lasota 8 in 2006. It was soon also appreciated that the location of the KIT initiating mutation (particularly exon 9 vs. exon 11) influenced imatinib response in a given GIST. 9, 10 Rapid research progress showed that PDGFRA mutations, present in B10% of GIST, are mutually exclusive with KIT mutations (Fig. 1) . 11 Imatinib responses are most dramatic in GISTs with KIT exon 11 mutations, where 400 mg/d is invariably an effective dose, whereas GISTs with KIT exon 9 mutations typically require 800 mg/d of imatinib for optimal clinical response. GISTs with certain kinase mutations-such as PDGFRA D842V-are imatinib-resistant. The dramatically high GIST response rates to imatinib have been surprisingly durable, and a subset of patients have benefitted from daily imatinib for more than 10 years, with effective control of metastatic GIST. 12, 13 However, many patients develop clinical progression due to drug-resistant GIST after several years of imatinib therapy, resulting from heterogeneous secondary KIT mutations (on the same allele as the primary KIT mutation) generally affecting the KIT adenosine triphosphate (ATP)-binding pocket (exons 13 to 14) or activation loop (exon 17 to 18) domains. 14 Since 2010, major discoveries have been achieved that extend our understanding of GIST biology beyond that of the oncogenic tyrosine kinases and related signaling pathways, and beyond mechanisms of KIT/PDGFRAinhibitor treatment response and resistance. These advances include characterization of ETV1 as an essential transcription factor for the interstitial cell of Cajal-GIST lineage which cooperates with oncogenic KIT mutations in interstitial cell of Cajal lineages to initiate an oncogenic program. Another key advance has been the molecular characterization of succinate dehydrogenase (SDH) subunit deficiency in GISTs, particularly those arising in young adults, supporting that such GISTs are a distinct molecular subgroup (Fig. 2) . Other studies have shed light on tumor suppressors responsible for GIST genetic and biologic progression, including inactivation of the 14q tumor suppressor MAX as an early event fostering cell cycle activity, and inactivation of dystrophin on Xp21 as an event promoting invasion and metastasis.
GASTROINTESTINAL STROMAL TUMOR ORIGINS
Although GISTs recapitulate interstitial cell of Cajal differentiation, the exact cell(s) of origin for GIST are unknown, that is, whether precursors of interstitial cells of Cajal or committed interstitial cells of Cajal. GISTs share expression of many biomarkers with interstitial cells of Cajal, and some of these, such as KIT and ANO1 (DOG-1) have proven to be essential diagnostic markers for GIST. Other shared markers in GIST and interstitial cells of Cajal have highlighted crucial biological mechanisms in GIST development. One such marker is ETV1, 16 which is discussed below. Multifocal interstitial cell of Cajal hyperplasia is a GIST precursor state found in many individuals with GIST syndromes, including those with germline KIT or PDGFRA mutations, Carney triad (SDHC methylation) or neurofibromatosis type 1 (NF1). These polyclonal interstitial cell of Cajal hyperplasias predispose to development of multiple GISTs. 17 KIT is not only highly expressed in interstitial cells of Cajal and GIST but also in hematopoietic stem cells, melanocytes, mast cells, and germ cells. Notably, some oncogenic KIT mutations have transforming activity primarily in the interstitial cell of Cajal/GIST context, 16 whereas others not so. For example, germline oncogenic KIT D816V mutation fosters mastocytosis but not GIST. 18 Similarly, it has been shown that human GIST-associated KIT mutations, when expressed in mouse models, almost exclusively foster interstitial cell of Cajal hyperplasia and GIST, but do not engender other types of KIT-positive neoplasia. These observations show that the correct cellular context is needed for a particular KIT mutation to have transforming activity.
So-called microscopic GISTs (microGISTs) are preclinical forms of GIST that measure <1.0 cm and are remarkably frequent in the general population. Autopsy studies have identified microGISTs in the GI tract of B30% of unselected individuals, and oncogenic tyrosine kinase mutations can already be detected in these early forms of GIST. [19] [20] [21] Because <0.1% of these microGISTs progress to clinically relevant tumors, it is clear that KIT/PDGFRA oncogenic mutations are necessary but insufficient to foster most advanced, clinically evident GISTs. Other genomic alterations, beyond the initiating KIT/PDGFRA mutations, are required to enable biological tumor progression.
MANY GASTROINTESTINAL STROMAL TUMORS DEPEND ON THE LINEAGE-SPECIFIC TRANSCRIPTION FACTOR ETV1
ETV1 is a member of the E26 transformation-specific or E-twenty-six family of transcription factors. Chi et al 16 have shown that ETV1 is both highly expressed and requisite for development of interstitial cells of Cajal subtypes that depend on KIT signaling. These studies demonstrated that ETV1 is a master regulator of the interstitial cell of Cajal and GIST lineage-specific transcriptional network and is essential for GIST growth. 16 Beyond the role in GIST growth, ETV1 is directly responsible for transcriptionally activating many of the known GIST biomarkers. The KIT oncoproteins in GIST signal through the RAS/ RAF/MEK pathway to stabilize ETV1 at the protein level, thereby promoting GIST tumorigenesis. 16 By contrast, treatment of GIST cells with KIT-inhibitors or MEK/ MAPK-inhibitors causes immediate ETV1 downregulation, by proteasomal degradation, leading to GIST growth arrest. These findings highlight therapeutic opportunities for RAS/RAF/MEK pathway inhibitors in GIST. 
VARIOUS MOLECULAR GASTROINTESTINAL STROMAL TUMOR SUBTYPES DEPEND ON RAS/ RAF/MEK AND PI3K/AKT PATHWAYS
Most GISTs (B85%) have KIT or PDGFRA oncogenic mutations ( Fig. 1 ) that constitutively activate downstream RAS/RAF/MEK and PI3K/AKT/mTOR pathways, causing cell proliferation and survival. A smaller subset of GISTs arise from mutational inactivation of the neurofibromatosis 1 protein (NF1), or mutational activation of RAS or BRAF [22] [23] [24] [25] [26] : each of these alternate mutational mechanisms results in constitutive activation of RAS/RAF/MEK pathways. In doing so, the alternate molecular mechanisms supplant the need for upstream KIT/PDGFRA activation and are therefore biologically analogous to KIT-mutant and PDGFRA-mutant GIST. Several reports suggest that dual mutations, one activating RAS/RAF/MEK and the other activating PI3K/AKT/ mTOR pathways, are needed to optimally recapitulate upstream KIT/PDGFRA activation. 23, 27 In addition, KIT-mutant, PDGFRA-mutant, and NF1-mutant GISTs share mechanisms of genetic progression (discussed below), further credentialing their biologic similarities. These GIST molecular subtypes are distinct from the SDH-deficient GIST subgroup, as will be discussed below. Other alternative kinase mechanisms have been described, in GISTs, involving the FGFR1 and NTRK3 genes, 28 and it can be assumed (although not yet demonstrated) that these also foment oncogenic signaling via the RAS/RAF/MEK and PI3K/AKT/mTOR pathways.
HISTOPATHOLOGIC FINDINGS AND RISK ASSESSMENT
GISTs usually present as sharply demarcated subserosal or submucosal tumors in the GI tract and display either a spindled (70%), epithelioid (20%) or mixed (10%) cytomorphology. Expression of KIT is present in 95% of cases, DOG-1 in 98%, PDGFRA in 80%, CD34 in 70% to 80%, and-with the exception of SDH-deficient GISTsexpression of SDHA and SDHB is retained (Fig. 3) .
Approximately 30% of GISTs are malignant, and prediction of malignant potential based on histopathologic criteria is crucial in identifying patients with high likelihood of local recurrence or distant metastases. The first risk stratification system was introduced by Fletcher et al, 7 predicting GIST malignant behavior by classification into very low, low, intermediate, and high risk categories based on tumor size and mitotic rate. A modified classification system developed by Miettinen and Lasota 8 introduced tumor site as a third independent factor. This classification system led to the Armed Forces Institute of Pathology criteria and the National Comprehensive Cancer Network risk criteria, 29 reliably predicting risk of progression in GIST (with the exception of SDH-deficient GIST, see below) ( Table 1) .
EXTRAGASTROINTESTINAL GASTROINTESTINAL STROMAL TUMORS AND GASTROINTESTINAL STROMAL TUMORS ARISING AT VISCERAL LOCATIONS
The concept of so-called "extragastrointestinal GISTs" (or "E-GISTs") was introduced when it was recognized that GISTs occasionally appear to arise at locations outside the GI tract, such as the omentum, mesentery, retroperitoneum, or pleura. [30] [31] [32] [33] [34] E-GISTs generally share canonical morphologic, immunohistochemical, and molecular features of conventional GISTs, and E-GISTs primarily arising in the mesentery or retroperitoneum seem to follow a more aggressive clinical course, 32,34 compared with cases arising in the omentum. 31 Some E-GISTs arise in the tubular GI tract but have become substantially detached from the gastric or intestinal primary site, which can therefore be clinically occult. Explanations for the genesis of true E-GISTs might include origin from ectopic interstitial cells of Cajal or from pluripotential mesenchymal progenitor cells. Origin from developmental abnormalities (such as enteric duplication) has also been proposed. 34 GISTs arising primarily in visceral organs are exceedingly rare, and have not been systematically studied. 35, 36 GISTs manifesting primarily in visceral organs such as the liver or spleen most likely represent distant metastases from an occult GI tract primary GIST.
TREATMENT OF LOCALIZED AND ADVANCED DISEASE
The mainstay of treatment for localized GIST remains surgery. Low and intermediate risk GISTs do not require adjuvant treatment, whereas high risk GISTs with mutations sensitive to imatinib are usually treated with 3 years of imatinib (ie, KIT exon 9 and 11, PDGFRA exon 12, 14, and 18 with the exception of the exon 18 D842V mutation). [37] [38] [39] [40] Adjuvant imatinib recurrence-free survival benefit, for patients with KIT exon 11 mutant GISTs, depends on the location of the mutations, with those involving KIT exon 11 codons 557 and/or 558 seeming to benefit most. 38, 41 Imatinib has revolutionized GIST treatment by extending the median overall survival for patients with metastatic disease from 19 months to 5 years, and B80% of patients show initial treatment response. 42 However, most patients with initial response develop secondary drug resistance which is mainly caused by selection for subclones harboring KIT mutations in the ATP-binding pocket (exons 13 and 14) or activation loop (exons 17 and 18). Sunitinib has been approved as second-line treatment for imatinib-resistant GIST and shows efficacy in GIST with imatinib-resistance mutations in the ATP-binding pocket, 43 whereas third-line regorafenib therapy shows predominantly complementary activity by best inhibiting GISTs with imatinib-resistance due to activation loop mutations. 44 However, treatment of metastatic GISTs containing multiple resistant subclones and heterogeneous genomic subpopulations remains a therapeutic challenge. 14 Despite the expression of activated KIT in NF1-mutant and SDH-deficient GIST, therapeutic KIT inhibition is not clinically effective in these GIST subtypes. 45, 46 Alternative molecular targets need to be developed to effectively treat these molecular subsets of GIST.
GENOMIC PROGRESSION IN GASTROINTESTINAL STROMAL TUMOR
Although most GISTs arise from KIT, PDGFRA or NF1 mutations, additional chromosomal aberrations are required to foster GIST progression. Most microGISTs already contain KIT, PDGFRA or NF1 mutations and yet have exceedingly low potential for malignant progression. Therefore, GISTs provide an ideal model by which to study constraints to tumorigenic progression. Further, even advanced GISTs have noncomplex genomic landscapes compared with most other cancers, and therefore serve as tractable models by which to elucidate mechanisms of genomic and biologic progression in cancer. Another notable difference between GISTs and most other sarcomas is the fact that the benign precursor state has been wellcharacterized in GIST. The opportunity to study precursor lesions such as interstitial cell of Cajal hyperplasia and microGIST enables evaluations of the sequence of mutations accounting for oncogenic progression. Such studies are more challenging in sarcomas and other cancers where a benign precursor state cannot be identified and where the cancer progenitor cell is unknown.
GIST cytogenetic progression has been studied extensively, [47] [48] [49] [50] [51] and it seems that most GISTs develop by means of a stepwise accumulation of chromosomal aberrations. Loss of 14q is observed in 60% to 70% of cases as the earliest and most frequent aberration, followed by loss of 22q (B50%), 1p (B50%), and 15q (B40%) in intermediate and higher risk tumors. [47] [48] [49] [50] [51] Stepwise genomic inactivation of putative tumor suppressor genes located on these specific chromosomes is likely responsible for genomic progression, following the initiating tyrosine kinase or NF1-pathway mutations (Fig. 4) . The first 14q GIST tumor suppressor was recently shown to be the MYC-associated factor X (MAX), a basic helix-loop-helix leucine zipper (bHLHZ) transcription factor and the essential binding partner of MYC. 52, 53 Homozygous MAX inactivation by intragenic deletion or mononucleotide mutations was found in B20% of KIT-mutant, PDGFRAmutant, and NF1-mutant GISTs, and B50% of GISTs had extinction of MAX protein expression (Fig. 5) . 52 These studies demonstrated MAX inactivation in microGISTs and low risk GISTs and showed identical MAX inactivating events in all metastases from individual patients, indicating that MAX tumor suppressor inactivation is an early step in GIST progression. 52 MAX inactivation resulted in p16 inactivation and cell cycle perturbations in GIST, suggesting that these tumor suppressor events serve to increase proliferation in the early GIST. 52 Further cell cycle dysregulation occurs in higher risk GISTs, resulting in transition to a high-grade cancer, and generally results from inactivating mutations in the p16, p53, or RB1 tumor suppressors. 54, 55 These mutations rarely occur in low risk GISTs and therefore might be useful as prognostic biomarkers, or as predictive markers to identify patients that stand to benefit most from adjuvant imatinib therapy.
Inactivation of dystrophin, encoded by the DMD gene on Xp21.1, has been shown to occur as a late event in GIST progression and is present in more than 90% of metastatic GISTs. 56 DMD inhibits cell migration, invasion, anchorage independence, and invadopodia formation, and its inactivation facilitates metastatic spread in GIST. Ongoing studies aim at validating dystrophin expression in GIST as a prognostic and predictive biomarker (Fig. 5) . One can hypothesize that primary GISTs with dystrophin inactivation might particularly benefit from long-term adjuvant/palliative tyrosine kinase inhibitor (TKI) treatment as these tumors might have high likelihood of occult metastases-in contrast, patients whose GISTs retain dystrophin expression might be at low risk for metastases and therefore could be spared the side effects and costs of long-term imatinib therapy. Targeted gene therapies which have been developed in patients with muscular dystrophies (type Duchenne or Becker) provide compelling opportunities to develop targeted therapies to restore or replace dystrophin function in myogenic cancers with DMD inactivation.
On the basis of these recent discoveries, homozygous deletions are emerging as a major mechanism of tumor suppressor inactivation in GIST. This may, in part, explain why these events may have been missed by previous screening approaches, as the size of these intragenic deletions is often too large to be detected by conventional targeted sequencing algorithms and at the same time too small to be revealed by single-nucleotide polymorphism arrays.
SUCCINATE DEHYDROGENASE DEFICIENT GASTROINTESTINAL STROMAL TUMOR
Most GISTs lacking KIT, PDGFRA, or NF1 mutations arise from loss-of-function alterations of the SDH complex, an enzymatic complex involved in the citric acid cycle and the electron transport chain (Fig. 3) . The SDH complex is comprised of proteins encoded by SDHA, SDHB, SDHC, and SDHD, and loss of function of any of these 4 components translates into a loss of SDHB expression (Fig. 3) . 57 Subunit inactivation is achieved by mutations of subunit encoding genes (accounting for B80% of cases) or SDHC promoter methylation resulting in epigenetic inactivation of the SDHC gene (SDHC-"epimutated", accounting for B20% of cases) (Fig. 2) . 15, 58 SDH-deficiency is found in GISTs arising as part of the nonhereditary Carney triad 59 (including paraganglioma and pulmonary chondroma) and the autosomal-dominant Carney-Stratakis syndrome (together with paragangliomas) with predisposing germline SDH subunit mutations. 60, 61 SDH-deficient GISTs are characterized by several features distinct from KIT/PDGFRA-mutant GISTs: they occur nearly exclusively in the stomach and show either epithelioid or mixed morphology but virtually never pure spindle cell morphology. 62 Their growth pattern is characterized by a unique multilobular or plexiform architecture, with nests of tumor cells separated by septae of smooth muscle which facilitates their recognition on conventional hematoxylin and eosin-stained slides (Fig. 3) . Immunohistochemical staining with SDHB reveals a loss of expression in tumor cells and additional SDHA loss points toward an underlying SDHA mutation, whereas retained SDHA expression is observed in SDHB, SDHC, and SDHDmutated/epimutated GISTs (Fig. 3) . SDH-deficient GISTs express activated KIT, 57 but the mechanism of KIT activation is unclear. SDH-deficient GISTs feature a hypermethylation program 15, 63 that differs from the more common GISTs with KIT, PDGFRA or NF1 mutations. Further, SDH-deficient GISTs lack the canonical series of cytogenetic deletions that invariably accumulate during neoplastic progression in GISTs with KIT, PDGFRA or NF1 mutations. 64 Although SDH-deficient GISTs generally lack large-scale genomic aberrations, one exception is occasional 1q deletion, which can apparently target the SDHC gene. 59, 61 Despite propensity for lymphatic spread and multifocality, SDH-deficient GIST usually follow an indolent clinical course. 65 The aforementioned morphologic and genomic features underscore that SDH-deficient GISTs are a truly distinct biological subgroup, arising from mechanisms different from those in KIT/PDGFRA/NF1-mutant GISTs, and virtually always restricted to the stomach as the primary site.
As shown recently in a study of 76 SDH-deficient GISTs, conventional risk stratification approaches do not apply to this particular subgroup as they fail to predict disease progression. 65 Specifically, 60% to 80% of patients with SDH-deficient GIST were shown to develop distant metastases regardless of risk category, and models that more accurately predict SDH-deficient GIST progression and patient survival remain to be established. 65 
CONCLUSIONS
Recent research progress has substantially advanced our understanding of GIST biology and has shown that GISTs arising by virtue of different genetic alterations also have different clinicopathologic features. One hopes this progress will lead to new therapies, augmenting the dramatic therapeutic progress and survival benefits already accomplished with the approved KIT/PDGFRA-inhibitors imatinib, sunitinib, and regorafenib. GIST translational research spans from early (and even initiating) kinase or SDH mutations, as driver oncogenic events, on to dystrophin inactivation as a late event in GIST progression leading to metastatic spread. Future studies defining the patient subsets that benefit most from long-term adjuvant TKI therapy are expected to further improve individualized treatment options. Likewise, creative new approaches are needed to suppress the heterogeneous TKI-resistant GIST subclones in individual patients. Investigating the steps of genomic progression in the distinct subset of SDH-deficient GISTs and developing specific treatment options for SDHdeficient and NF1-mutant tumors also remain urgent challenges to be addressed in translational research efforts.
